Neuronal-growth-inhibitory factor (GIF) is a metalloprotein specific to the central nervous system which has been linked to Alzheimer's disease. The high metal content, approximately seven metal atoms/ protein molecule, and 70% sequence identity to mammalian metallothioneins (MT), including a preserved array of 20 cysteinyl residues, place GIF in the family of MT. In contrast to MT, native GIF isolated from human or bovine brain contains an unusual metal composition, viz. four Cu(I) and three Zn(II) per polypeptide chain. Cu and/or Zn K-edge X-ray absorption spectra have been recorded for native Cu, Zn-GIF, Zn-substituted GIF, and these metals bound to the 32-residue N-terminal domain, Cu 4 -, Cu 6 -or Zn 3 -GIF-(1Ϫ32) at 77 K. The results are consistent with the metals being bound to the protein by cysteinyl residues in every case. The Cu-S distance is approximately 2.25 Å and the EXAFS is considered to be consistent with primarily trigonal coordination of the Cu(I); Cu · · · Cu backscattering is observed at approximately 2.67 Å , indicative of the formation of Cu x (Scys) y clusters. Thus, the Cu(I) environment is similar to that observed in MT. This is also the case for Zn(II), with 4 S at approximately 2.34 Å . However, in contrast to Zn-MT for Zn-substituted GIF and Zn 3-GIF-(1Ϫ32), Zn · · · Zn backscattering is observed at approximately 3.28 Å . The significance of these results are discussed with respect to the specific biological activity of GIF.
While the structure of mammalian MT containing Zn(II) and moved by gel filtration, resulting in a peptide complex with three Zn(II) per GIF-(1Ϫ32)-peptide (Zn 3-peptide). The reconCd(II) is known [8] , crystallographic information is lacking for a family of proteins containing Cu(I) thiolate multimetallic clus-stitution of apo-GIF-(1Ϫ32)-peptide with Cu(I) was performed under anaerobic conditions, as described for Cu-MT [7] . Based ters. However, structural information has been obtained from X-ray absorption spectroscopy (XAS). XAS and especially the on distinctive spectroscopic changes in the titration profile, two distinctive Cu-GIF-(1Ϫ32)-peptide forms exist with four and six extended X-ray absorption fine structure (EXAFS) have been used extensively to probe the structures of metallothioneins from Cu(I) bound (Cu 4 -peptide and Cu 6 -peptide, respectively) [17] .
The metal :protein stoichiometries were determined by atomic different species and containing different metal ions [9Ϫ16] .
In the present work XAS has been used to characterize the absorption spectroscopy and quantitative amino acid analysis. The Cu concentrations of the samples studied by XAS were Cu(I) and Zn(II) sites in native Cu, Zn-GIF and Zn-substituted GIF, and in a synthesized peptide corresponding to the N-termi-1.7 mM for the Cu 4 -peptide and 0.9 mM for the Cu 6 -peptide.
Glycerol was added to all of the samples to a final concentration nal domain of human GIF [GIF-(1Ϫ32)-peptide]. The N-terminal domain of GIF containing three Zn(II), four Cu(I)-or six of 15% to prevent crystal formation on freezing.
XAS data collection and analysis. Each of the samples was Cu(I) have also been investigated. The metal K-edge EXAFS data on GIF and on the GIF-(1Ϫ32)-peptide have been com-transferred into a perspex or an aluminium sample cell fitted with Mylar windows and frozen by immersion in liquid nitrogen. pared with those of well-characterized MT and those of other metal-thiolate cluster systems. These comparisons allow infer-The XAS data were collected at 77 K in fluorescence mode, using a Canberra 13-element solid-state detector, on station 8.1 ences to be drawn regarding the unique structural features present in GIF which are considered likely to be important for the of the Daresbury Synchrotron Radiation Source, operating at 2 GeV with an average current of 150 mA. A Si(220) double growth-inhibitory activity of this protein.
crystal monochromator was used, detuned to reject 30% of the maximum intensity in order to minimize harmonic contamination. For native Cu, Zn-GIF, four scans were collected at the Cu
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K-edge and eight scans at the Zn K-edge. For Zn-substituted GIF and Zn 3 -peptide 8 scans were collected at the Zn K-edge, and Isolation of growth-inhibitory factor. The GIF protein was isolated from cortices of bovine brain. Isolation and purification for the Cu 4 -peptide and Cu 6 -peptide 12 scans were collected at the Cu K-edge. The spectra were summed in EXCALIB, then was performed by a combination of methods used for isolation of GIF from human brain and for MT. Details of the isolation background-subtracted and normalized by fitting polynomials to the pre-edge and the post-edge regions in EXBACK. The spectra and preparation of native GIF and of the Zn-substituted form are described in [6] . For the XAS measurements, the protein was were analyzed in the Daresbury program EXCURV92 [18] using exact curved wave single scattering theory [19, 20] . Phase shifts exchanged into 10 mM Tris/HCl, 10 mM NaCl, pH 7.5, using centricon microconcentrators (Amicon Inc.) and concentrated to were calculated ab initio using Hedin-Lundqvist potentials and von Barth ground states [21] . Theoretical fits were generated by approximately 200 µl. The metal:protein stoichiometries were determined by atomic absorption spectroscopy (IL Video 12) adding shells of scatterers around the central Cu or Zn atom and iterating the number of scatterers, bond length, and Debye-Waland quantitative amino acid analysis (Applied Biosystems Inc. model 420 A/H or Hewlett Packard Amino Quant amino acid ler factors in each shell to achieve the best fit to the experimental data. The improvement to the fit on addition of each additional analyzer). The native Cu, Zn-GIF sample used for the XAS measurements was 4 mM in Cu and 1.5 mM in Zn (stoichiometry shell beyond the first was assessed by comparing the residual Rfactor [22] . As each addition shell introduces three extra parameapproximately Cu 5Zn2-GIF). The Zn(II)-substituted GIF sample was 1.3 mM in Zn (stoichiometry approximately Cu 1.5 Zn 5.5 -ters into the simulation, in all of the EXAFS analysed the number of independent data points N i [22] was checked to en-GIF).
Preparation of N-terminal peptide, GIF-(1−32)-peptide sure that the number of parameters in the final fit could be justified. As the data range was у k ϭ 3Ϫ12 Å Ϫ1 for all the spectra, complexes. The N-terminal half of human GIF [1] (residues 1Ϫ 32, N-terminal acetylated) was synthesized on an ABI 433 A N i is у 25, thus, even for a four-shell fit, the number of parameters is only 13, three from each shell, plus E f . peptide synthesizer. The N-terminal sequence of human GIF exhibits sequence differences to the N-terminal bovine GIF in five Molecular modeling. The proposed structure of the Zn 3 S 9 -cluster in GIF (Fig. 4) was built first using the program Hypositions, but all of the nine cysteinyl residues as well as the unique prolyl residues at positions 7 and 9, are conserved [7] . A perchem, with the Zn-S bond lengths fixed to a value of 2.33 Å as determined by EXAFS (Table 2) . This structure, which con-0.1 mmol Fmoc peptide synthesis was carried out using conditions recommended by the manufacturer. The cleavage of syn-tained a Zn 2 S 2 -ring, was minimized using the steepest descent energy minimization MMϩ routine. The obtained atomic coorthesized peptide from the resin and the side-chain protecting groups was achieved by a treatment with the solution containing dinates were subsequently imported into the InsightII (MSI) program and the structure of the Zn 3 S 9 -cluster was modeled to the following: 0.75 g phenol, 0.25 ml ethanediol, 0.5 ml thioanisole, 0.5 ml H 2 O, and 10 ml trifluoracetic acid. In the subsequent accommodate the experimentally determined interatomic Zn · · · Zn distance of approximately 3.27 Å and the Zn · · · S step, the peptide was precipitated with t-butylmethyl ether and purified further by desalting over a gel-filtration column (G-10; distance of approximately 2.90 Å ( Table 2) . To assess the validity of the resulting structure in terms of bond angles, a compari-0.1 M HCl/5% acetonitrile) followed by two successive C 18 reverse-phase HPLC steps on a semipreparative column son with crystallographically defined inorganic Zn 2S6-clusters containing the Zn 2 S 2 -ring was made. In the four inorganic mod-(Brownlee Aquapore ODS 300, 0.4 cmϫ22 cm) [5] . Electrospray mass spectroscopy of the purified GIF-(1Ϫ32)-peptide els deposited in the Cambridge database (file entries dethuf, feymax, mpprzn and sorjis), the Zn-S-Zn angles range between yielded a mass of 3305.2 Da., which agreed well with the calculated mass of 3305.8 Da. The Zn-GIF-(1Ϫ32)-peptide and Cu-79.9°and 89.3°and those for S-Zn-S between 90.7°and 99.5°.
The corresponding angles in our model (Fig. 4 ) are in this range, GIF-(1Ϫ32)-peptide complexes were prepared as described [17] . Zn 3-GIF-(1Ϫ32) was generated by addition of 3.5 mol ZnCl2/ i.e., between 87.6°and 87.9°for the Zn-S-Zn angles and between 92.1°and 92.4°for the S-Zn-S angles. The interatomic mol apo-GIF-(1Ϫ32)-peptide at pH 2, followed by pH adjustment to 7.5 with 0.5 M Tris base. The unbound Zn(II) was re-Zn · · · Zn distance of 3.24 Å in the Zn 2 S 2 -ring of the modeled Zn 3 S 9 -cluster is in good agreement with the experimentally obtained distance of approximately 3.27 Å .
RESULTS
In mammalian MT, and presumably also in GIF, different tertiary structure folds are found with Zn(II) and Cu(I). The interplay between both the chemistry of the metal ions and the steric requirements of the polypeptide chain is thought to be the cause for the diversity of metal-thiolate cluster structures in MT with metals in oxidation states I and II [23] . At present it is not clear, which metalloderivative of GIF and of the N-terminal peptide exhibits the higher growth-inhibitory activity, since no quantitative bioassay is available. Therefore, for these XAS studies, we investigated both the native Cu, Zn-GIF, as well as the Zn(II)-substituted form, which should be closely related to the Zn(II) form reconstituted from the recombinant human GIF expressed in E. coli [5] . Fig. 1 . All three spectra are very similar and closely data recorded at 77 K; broken lines indicate the optimum simulation resemble the corresponding data previously reported for a series using the parameters of Table 1 . of metalloproteins containing Cu(I) thiolate clusters, including Cu 7-8 MT from Saccharomyces cerevisiae [14] . There is an absence of any pre-edge feature; the most obvious feature is shoul-Cu(I)-thiolate coordination [9, 14, 24] although, as noted previously [14], a small amount of digonal Cu(I)-thiolate coordinader on the absorption edge at approximately 8984 eV. As discussed previously [14] , the intensity of this feature is not a reli-tion might also be present. This conclusion is consistent with the number of backscatters (N, Table 1 ) in the primary coordinaable indicator of the coordination number and geometry of a Cu(I) center. Therefore, although some variation in the intensity tion shell obtained in the optimum simulations of the EXAFS which range from 2.3 to 2.8. of the 8984 eV feature is observed in the spectra shown in Fig. 1 , we do not feel confident in inferring any geometric infor-
The optimum interpretation of the Cu K-edge EXAFS of Cu 6-GIF-(1Ϫ32) required the inclusion of a small (NϷ0.5) mation from these data. The average length of the Cu-S bonds is considered to be a reasonable indicator of the coordination backscattering contribution from a light atom which has been included in the simulations as oxygen. This backscattering connumber of the metal in Cu(I)-thiolate systems [14] (vide infra). The Cu K-edge EXAFS of native Cu, Zn-GIF and of Cu 4-GIF-tribution is present at 1.92 Å and is clearly manifest in the Fourier transform as a shoulder on the low-R side of the sulfur shell (1Ϫ32) and Cu 6 -GIF-(1Ϫ32) are compared in Fig. 2A and their Fourier transforms in Fig. 2 B ; each of these figures also con-[ Fig. 2 B(c) ]. Although similar but weaker features are apparent in the Fourier transforms of the Cu K-edge EXAFS of the native tains the optimum simulation of the experimental data using the parameters presented in Table 1 . The Cu K-edge of each of these Cu, Zn-GIF protein and Cu 4 -GIF-(1Ϫ32) [ Fig. 2 B (a) and (c) ], a backscattering contribution at about 1.9 Å was not found to be three samples is dominated by backscattering from a shell of sulfur atoms at 2.24Ϫ2.26 Å . This parallels the results obtained statistically significant in the simulation of the EXAFS for these two systems. Therefore, no such shell has been included in Tafor Cu-MT and related proteins [9Ϫ16] . The length of the Cu-S bonds reported herein corresponds to predominately trigonal ble 1 for the optimum simulation of the Cu K-edge of the native 
Cu, Zn-GIF protein and Cu 4 -GIF-(1Ϫ32). In this context, we note that whilst both native Cu, Zn-GIF and Cu 4-GIF-(1Ϫ32)
were found to be relatively stable in air, Cu 6 -GIF-(1Ϫ32) exhibited some sensitivity towards aerial oxidation [17] . Thus, although precautions were taken to avoid oxidation of samples by air throughout these investigations, a limited amount of oxidation of Cu 6 -GIF-(1Ϫ32) cannot be excluded. However, (vide supra) there was no evidence from the Cu K-edge data ( Fig. 1) for any significant amount of Cu(II) in the sample of Cu 6 -GIF-(1Ϫ 32) and the absence of a pre-edge feature corresponding to a mental data recorded at 77 K; broken lines indicate the optimum simulation using the parameters of Table 2 .
The interpretation of the Cu K-edge EXAFS of each sample required the inclusion of a high Z-backscatterer at about 2.67 Å , consistent with a Cu · · · Cu interaction at about 2.67 Å (Table which resulted in a lower value of the Debye-Waller parameter 1). In principle, since native Cu, Zn-GIF contains both Cu(I) for the Cu shell at 2.67 Å . The uncertainty in N (and σ) for this and Zn(II), the Cu K-edge EXAFS alone does not allow differen-shell arises, in large part, because of correlation between the tiation between second shell backscattering from Cu or Zn. parameters used to interpret the backscattering from the three However, the absence of a corresponding Fourier transform peak inner shells of this system. in the Zn K-edge EXAFS of this sample (vide infra) and the Evidence was obtained, in the case of Cu 4 -GIF-(1Ϫ32) and presence of such a feature in the data obtained for Cu 4 -GIF-Cu 6-GIF-(1Ϫ32) for a further shell of Cu-backscatters at approx-(1Ϫ32) and Cu 6 -GIF-(1Ϫ32) allows its assignment to Cu · · · Cu imately 4.0 Å . This backscattering contribution was not detected backscattering in the native protein. Similar Cu · · · Cu close ap-in the Cu K-edge EXAFS of native Cu, Zn-GIF, although the proaches (2.70Ϫ2.74 Å ) have been identified from Cu K-edge data quality for this sample was superior to that of the other two EXAFS studies of Cu-MT and in Cu-ACE1 and Cu(I)-thiolate systems. clusters [14, 16] . The average number of Cu-scatterers/Cu (N, This difference suggests that inclusion of Zn in the metal- Table 1 ) was lower for native Cu, Zn-GIF than for Cu 4 -GIF-cysteinate assembly brings a lack of coherence in the Cu · · · Cu (1Ϫ32) and Cu 6 -GIF-(1Ϫ32). The optimum interpretation of the separations. EXAFS data for Cu 6-GIF-(1Ϫ32) ( Table 1) gives a value of 4.6
Therefore, Cu K-edge EXAFS of Cu, Zn-GIF and Cu 4 -GIFfor the occupation number (N) of the Cu shell at 2.67 Å . This (1Ϫ32) and Cu 6-GIF-(1Ϫ32) are clearly characteristic of the value is remarkable and could well be artificially high. Thus, presence of Cu x (Scys) y clusters in these systems. significantly lower values of N can be chosen for this shell and kept constant whilst the other parameters are iterated; good fits Zn K-edge EXAFS. The Zn K-edge EXAFS of native Cu, Zn-GIF, Zn-substituted GIF and Zn 3 -GIF-(1Ϫ32) are compared in (Residual values of 37Ϫ38) were obtained by this approach Zn-GIF, Zn-substituted GIF and Zn 3 -GIF-(1−32)-peptide at 77 K. N, number of backscatterers ( Ϯ1) mately 80% trigonal coordination and approximately 20% digonal coordination ; the fraction of digonal coordination could be slightly higher for Cu 4 -GIF-(1Ϫ32) and Cu 6 -GIF-(1Ϫ32) since the Cu-S bond length is 2.24 Å in these systems. the luminescence spectra of Cu-MT and Cu, Zn-GIF, it has been For the Zn K-edge EXAFS of native Cu, Zn-GIF, Zn-substiproposed that a Cu 4-cluster is present in native Cu, Zn-GIF [6] . tuted GIF and Zn-GIF-(1Ϫ32) backscattering contributions be-
The Cu K-edge EXAFS of native Cu, Zn-GIF is closer to yond the S shell were clearly observed; the optimum interpretathat of Cu 4 -GIF-(1Ϫ32) than to that of Cu 6 -GIF-(1Ϫ32). Thus, tion of these contributions involved S backscattering at about the magnitude of the Cu · · · Cu backscattering at approximately 2.9 Å and Zn backscattering at about 3.28 Å . These outer shell 2.67 Å is significantly weaker for native Cu, Zn-GIF (Nϭ0.4, backscattering contributions have not been observed in the Zn Table 1 ) and Cu 4 -GIF-(1Ϫ32) (Nϭ1.3) than for Cu 6 -GIF-(1Ϫ K-edge EXAFS of mammalian Zn 7 -MT [9, 15] and may be indic-32) (Nϭ4.6). Weak Cu · · · Cu backscattering, which has also ative of special structural features present in GIF proteins.
been observed in Cu-MT [16] , is compatible with significant variations in the Cu · · · Cu distances within the cluster, in contrast to the more symmetrical structures of synthetic Cu x (SR) y DISCUSSION clusters [25] . Thus, the relatively (vide ultra) strong Cu · · · Cu backscattering at 2.67 Å observed for Cu 6 -GIF-(1Ϫ32) could be We have achieved a structural characterization of the Cubinding and Zn-binding sites in the recently discovered neuronal indicative of the presence of one (or more) reasonably symmetric Cu x (Scys) y cluster(s). Beside this difference in the magnitude GIF. The metal K-edge EXAFS has revealed that both Cu and Zn are exclusively ligated by S atoms, consistent with the results of the backscattering at approximately 2.67 Å , the Cu K-edge EXAFS of Cu 4 -GIF-(1Ϫ32) and Cu 6 -GIF-(1Ϫ32) are very simiof electronic absorption, CD and MCD spectroscopic investigations [6] . Such ligation of the metals is not surprising given the lar and both involve a second Cu · · · Cu backscattering contribution at about 4.0 Å . A similar backscattering contribution at conserved array of 20 cysteinyl residues in GIF.
The presence of Cu · · · Cu backscattering at about 2.7 Å in 3.9 Å has been reported for the Cu K-edge EXAFS of the Cu-MT from the yeast S. cerevisiae [12] . native Cu, Zn-GIF and Cu 4-GIF-(1Ϫ32) and Cu6-GIF-(1Ϫ32) provides clear evidence for the formation of Cu x (Scys) y clusters
The Zn K-edge EXAFS of native Cu, Zn-GIF, Zn-substituted GIF, and Zn 3 -GIF-(1Ϫ32) are very similar to each other and are in these proteins. [25] and these systems may serve as models for Cu(I) trast to the Cu K-edge EXAFS, the absence of a backscattering contribution at about 2.7 Å for the Zn K-edge EXAFS of native thiolate ligation in proteins. A common feature of these clusters is the low coordination numbers of Cu(I); both trigonal and di-Cu, Zn-GIF strongly suggests that no mixed Cu, Zn-cluster is formed, rather the Cu(I) and Zn(II) are organized in separate gonal coordination is common with sometimes both occurring
